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Abstract
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Abstract


Venezuelan equine encephalitis virus (VEEV) is an alphavirus in the family Togaviridae. VEEV is highly infectious in aerosol form and a known bio-warfare agent that can cause severe encephalitis in humans. Periodic outbreaks of VEEV occur predominantly in Central and South America. Increased interest in VEEV has resulted in a more thorough understanding of the pathogenesis of this disease. Inflammation plays a paradoxical role of antiviral response as well as development of lethal encephalitis through an interplay between the host and viral factors that dictate virus replication. VEEV has efficient replication machinery that adapts to overcome deleterious mutations in the viral genome or improve interactions with host factors. In the last few decades there has been ongoing development of various VEEV vaccine candidates addressing the shortcomings of the current investigational new drugs or approved vaccines. We review the current understanding of the molecular basis of VEEV pathogenesis and discuss various types of vaccine candidates.
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1. Introduction


Venezuelan equine encephalitis virus (VEEV) is a member of genus Alphavirus in the family Togaviridae. VEEV complex is a group of 14 antigenic varieties divided into 7 species. The VEEV species include four antigenic varieties namely IA/B, IC, ID, and IE, all of which cause human disease that is indistinguishable between the antigenic varieties [1]. Subtypes IA/B and C are epizootic strains that cause fulminant disease and high mortality in equines. Subtypes ID and IE are enzootic strains that are typically avirulent in equines; however, IE can be neurovirulent in equines. VEEV is an enveloped virus which is maintained in nature in a cycle between rodents and mosquitoes with epizootic strains sporadically causing outbreaks in equines and humans (Figure 1) [2,3]. The geographic distribution and outbreaks of VEEV in equines and humans has been reviewed in detail by Aguilar et al. [1] and Weaver et al. [4]. VEEV is a Category B agent as defined by the Centers for Disease Control and Prevention, and National Institutes of Health. Biosafety level 3 containment is required for handling of live virulent strains of VEEV. Two live-attenuated strains of VEEV, namely TC-83 and V3526, can be safely handled at biosafety level 2 containment [5]. VEEV infection in humans starts with an asymptomatic incubation period of 1–5 days followed by the onset of a febrile illness characterized by fever, headache, nausea, vomiting, myalgia, ocular pain, lower back pain and diarrhea lasting for 1–4 days [6]. The short febrile illness may progress into fulminant encephalitis causing convulsions, hemiparesis, behavioral changes, and alteration of consciousness. A more severe infection can occur which is associated with hemichorea, seizures, and stupor or coma [7,8,9]. Mortality in humans is <1%, but the incidence of neurological disease can be up to 14% in infected patients [10]. The mouse is the most common model used to investigate VEEV pathogenesis as it closely mimics the biphasic course of peripheral replication followed by infection of the central nervous system (CNS) as seen in severe cases of human VEEV infection i.e., the initial febrile illness due to virus replication in the peripheral organs followed by a second phase of CNS infection (Figure 2) [11]. In healthy immunocompetent adult mice models such as CD-1 Swiss [12], Balb/c [13], and C57BL6 [14] mice, infection with wild-type VEEV causes a biphasic disease similar to the severe form of disease in humans. VEEV can be detected in local lymph nodes as early as 6 h post infection. Animals become viremic within 12 h of infection. By 12 h post infection, VEEV can also be detected in other peripheral organs. The virus replicates in the lymphoid tissue e.g., lymph nodes and spleen, as well as in non-lymphoid organs including the heart, lung, kidney, and pancreas. In the lymphoid tissues, VEEV induces cellular necrosis and an inflammatory cell response. Loss or alteration of germinal center structures in the spleen is observed as early as 24 h post infection and is accompanied by lymphocyte karryohrexis and apoptosis, as well as macrophage infiltration. Recovery starts by 72 h post infection. The virus is cleared from peripheral organs within 4–5 days of infection. In the brain, VEEV first appears in the olfactory lobe around 36–48 h post infection. The virus then spreads rapidly throughout the brain. Perivascular cuffing and lymphocyte infiltration are observed 72 h post infection. Viral spread and corresponding inflammation are characterized by perivascular lymphocytic cuffing, gliosis, neurodegeneration, and vacuolization of neuropil, which increase in intensity with time. The kinetics of viral spread into the brain is dependent on the route of infection. Virus appears in the CNS much earlier when infection is via aerosol exposure due to the direct infection of olfactory neuroepithelium by aerosolized of VEEV particles, compared to a subcutaneous infection route which requires virus replication in lymphoid tissue and the development of viremia in order for the virus to then be able to infect the olfactory neuroepithelium [13,15,16]. Additionally, extensive hepatocellular degeneration and interstitial pneumonia are seen in human VEEV infections; however, these are not the primary pathological findings in animal models used for investigating VEEV infection [17]. Characterization of VEEV pathogenesis has been aided by the availability of clearly defined mutant strains developed by point mutations in the full-length clone of wild-type Trinidad Donkey (TrD) strain (subtype I/AB) of VEEV (Table 1), which based on the extent of attenuation shows differential replication kinetics in mice ranging from a mild febrile illness due to limited peripheral replication to a full blown encephalitis [18,19,20]. This review will focus on the advances made in understanding the molecular basis of VEEV pathogenesis and discussion of recent vaccine candidates.




2. Innate Immune Response to VEEV Infection and the Role of Interferon


The innate immune response is an important first line of defense against pathogens in the form of cytokine release and ensuing inflammation which can either be protective of the host by killing virus-infected cells and producing an antiviral state mediated by interferon release, or it can be detrimental to the host causing tissue damage by cytokine storm. These paradoxical roles of immune response are evident during VEEV infection. Natural Killer (NK) cells are an important component of the innate immune response and are responsible for killing virus-infected cells by direct recognition [24]. Protective NK-cell activity has been suggested to occur following VEEV infection. NK-cells activated by the cell-free supernatant of splenocytes from mice immunized with inactivated TC-83, a live-attenuated strain of VEEV, protected syngeneic and allogeneic mice as well as nude mice from a lethal virulent TrD strain challenge [25]. Treatment with the immunomodulatory compound 3,6-bis (2-piperidinoethoxy) acridine trihydrochloride, which is a strong activator of NK-cells, protected mice against a lethal intra-peritoneal challenge with VEEV [26]. Natural killer T (NKT)-cells are cytotoxic cells that express cell surface markers for both NK and T-cells. Infection of NKT-cells with VEEV replicon particles activates a cytokine response that is more similar to NK-cells than T-cells, further suggesting there is activation of NK-cells by VEEV [27]. In contrast to these studies, NK-cells have been suggested to increase the severity of VEEV infection in the CNS of C3H/HeN mice [28]. C3H/HeN mice are a cross of Dilute Brown Non-Agouti (DBA) and Bagg albino mice, and are homozygous for the retinal degeneration 1 (Pde6brd1) gene mutation, which causes spontaneous retinal degeneration in these mice. Infection of C3H/HeN mice with TC-83 via aerosol and intranasal routes is lethal and the cytokine profile in the brain tissue suggests NK-cell activity [29,30]. Depletion of NK-cells in these mice improved the survivability after intranasal TC-83 infection, suggesting a pathogenicity-enhancing role of NK-cells in the CNS. However, TC-83 is non-lethal in C3H/HeN mice when injected subcutaneously. It is possible that due to intranasal inoculation, TC-83 can evade the antiviral activity of the NK-cells which it would otherwise encounter during peripheral replication. During the CNS phase of infection, the activated NK-cells may contribute to neuroinflammation by releasing proinflammatory cytokines. It is known that the inflammation contributes to the severity of the VEEV infection in the brain, and increased inflammation due to the influx of activated NK-cells could explain the enhanced encephalitis resulting in death of C3H/HeN mice following intranasal infection with TC-83 [28,31,32].



The complement system is another important arm of the innate immune response for identifying and eliminating pathogens. Activated complement aids in opsonization and subsequent lysis of pathogens, eliciting an inflammatory cytokine response, immune surveillance and homeostasis [33,34]. Several viruses exhibit molecular mimicry such that the viral proteins have structural and functional homology to the host complement regulatory proteins, resulting in the evasion of detection by the complement system [35]. The protective role of complement C3 in VEEV infection was demonstrated using an attenuated VEEV strain: V3533. V3533 was isolated as a revertant mutant of the V3010 strain of VEEV, containing the envelope (E) 2 Lys 76 mutation of V3010, and an additional Lys to Glu mutation at the E2 116 position. Infection of immunocompetent CD-1 mice with V3533 caused moderate mortality and the virus was isolated from the lymphoid and brain tissue [20]. In the absence of complement C3, subcutaneous injection of V3533 resulted in high viremia titers, an early appearance in the brain and spinal cord, and prolonged viremia compared to infection in the wild-type mouse with functional C3. High virus titers were also associated with more severe symptoms of the disease; however, animals eventually cleared the virus and recovered. Interestingly, intracranial injection of C3-/- mice with V3533 does not affect virus titers or disease severity from similarly infected wild-type mice, suggesting that the antiviral property of C3 is limited to early virus replication in the peripheral organs, and once the virus has entered the brain, complement has no effect on VEEV replication [36].



Interferon (IFN) is an innate antiviral cytokine that is protective against VEEV infection. VEEV infection has been shown to induce both type I and II IFN, and several IFN regulatory factors (IRF) are modulated during VEEV infection [37,38,39,40,41]. Mice lacking the type I IFN receptor, or functional IRFs, are highly sensitive to VEEV infection and show rapid spread, enhanced pathology, failure to clear the virus from circulation, and a shortened mean survival time following infection with virulent, as well as avirulent, strains of VEEV. However, the protective effect of IFN is observed only with the endogenous production of IFN as mice treated with exogenous IFN do not show increased protection or survival, except in C3H/HeN mice. In C3H/HeN mice treatment with IFN-α induces a dose-dependent protection against intranasal infection with TC-83, and this could be because of the low pathogenic potential of TC-83 compared to the virulent wild-type VEEV [29,42,43]. Although endogenous IFN is produced in response to VEEV infection, VEEV inhibits IFN signaling by inhibiting signal transducer and activator of transcription 1 (STAT1) and Janus kinase (Jak)1/2 phosphorylation, and nuclear localization of STAT1 [44]. This may explain the ineffectiveness of exogenous IFN in treating VEEV infection. In vitro, induction of IFN by VEEV depends on and varies with types of cells [42,45]. VEEV inhibits IFN expression in human primary neuronal cells and although, pretreatment of these cells with IFN inhibited VEEV replication, the extent of inhibition was marginal compared to the Sindbis virus (SINV) replication. However, no antiviral effect was observed when these cells were treated with IFN after infection, which correlates with the inhibition of phosphorylation of STAT1/2 and reduced expression of interferon stimulated genes (ISG). The differential IFN induction and resistant to an antiviral state induced by pretreatment with IFN may explain a greater neurovirulence of VEEV among alphaviruses [45].



In summary, it is clear that the innate immune responses play an important role in protection from VEEV infection during early virus replication in peripheral tissues. It is however, not fully understood how wild-type infectious VEEV evades or overcomes these early innate antiviral responses and replicates to high enough titers in the serum that enables the virus to cross into the olfactory tract and eventually into the brain. Early replication of the virus in the brain is protected from the peripheral immune response due to the immune privileged state of the CNS, enabling the virus to replicate in its target cells i.e., the neurons and glia. With progression of infection, there is opening of the blood brain barrier (BBB) allowing influx of activated peripheral lymphocytes. However, in infections with virulent VEEV strains, influx of peripheral immune cells appears to have very little effect on restricting viral replication and axon-to-axon neuronal spread in the brain. Rather, the influx of peripheral immune cells contributes more to increasing the inflammation in the brain, further augmenting the encephalitis.




3. Role of Alphavirus Genes in Infection


VEEV is a single-stranded positive-sense ribonucleic acid (RNA) virus with four nonstructural genes and five structural genes (Figure 3) [46,47]. Early events of alphavirus infection (within hours), are important in establishing the infection. Outcome of the viral infection is dependent on an intricate interaction of antiviral and proviral responses which, can either create an antiviral state or help the virus to replicate, respectively (Figure 4). Viruses have evolved mechanisms to overcome the host antiviral responses thus establishing productive virus replication [48]. Alphaviruses negatively regulate the host cytoplasm-to-nuclear transport, and vice versa, which prevents (a) signal transduction into the nucleus suppressing the transcription of host genes, and (b) transport of cellular mRNA into the cytoplasm suppressing translation of host genes [49,50]. VEEV structural proteins inhibit transcription, and in the absence of capsid, nonstructural proteins (nsp) inhibit translation. The extent of host macromolecular synthesis shutoff, however, varies with cell type [45]. The host gene transcription and protein translational shutoff is mediated by the capsid protein of VEEV [50,51]. One of the most prominent phenotypic observations in VEEV-infected cells is the development of cytopathic effects evident by the dislodging, rounding off and lysis of infected cells. The capsid protein carries a 39 amino acid long sequence termed H68, which contains a nuclear localization signal (NLS) and a nuclear export signal (NES) that are responsible for interacting with the host cell nuclear import and export proteins [49,52,53]. VEEV capsid protein binds to importin α/β and exportin-1 (also known as chromosomal maintenance-1 protein), and nucleoporins of the nuclear pore complex, resulting in blockage of nuclear-to-cytoplasmic transport [49,50,54]. This causes host translational shutoff inducing cytopathic effect in the infected cells. Mutation in the NLS and connecting peptide between the NLS and NES, or only in NES changes the phenotype of TC-83 strain of VEEV from lytic to persistent non-cytopathic infection in mammalian cells suggesting importance of these domains in lytic phenotype of the virus [55]. Targeted inhibition of host nuclear export proteins interfered with the cellular localization of the capsid and decreased replication of VEEV and other New World alphaviruses. However, this inhibition was overcome by adaptive mutations in the nuclear localization and export signals of the capsid protein [54]. In addition, VEEV has evolved to be resistant to the antiviral state induced by pretreatment of cells with IFN [45]. VEEV nonstructural protein (nsp) 2 is important for the resistance that VEEV shows towards IFN-induced antiviral state, and mutation in the nsp2 gene reinstates the sensitivity to IFN-induced antiviral state in cells. Nsp2 alone also induces a host macromolecular synthesis shutoff, similar to that of the capsid protein [56]. Therefore, it appears that both nsp2 and capsid proteins of VEEV inhibit host cell translation and may synergistically act to shutoff the host macromolecular synthesis activity.



Alphaviruses, including VEEV, use programmed -1 ribosomal frameshift (-1 PRF) for encoding the viral trans-frame (TF) protein. TF protein is made by the presence of a slippery codon motif, UUUUUUUA, in the 6K gene, which mediates a ribosomal frameshift into -1 open reading frame (ORF). TF, therefore, is 6K protein with 15 additional amino acid residues at the C-terminus. The slippery codon motif in the 6K gene and a stop codon in the -1 ORF sequence of E1 gene are highly conserved among alphaviruses [57]. Mutations in PRF of the TrD strain of VEEV reduces virus titers in vitro probably secondary to a defective virus assembly, as no effect on viral RNA replication is noted. In contrast, mutations in PRF of TC-83 strain does not show such an effect on virus replication, which could be due to compensation by the presence of additional mutations in the envelope proteins of TC-83. PRF mutated TrD strains show attenuated infectivity in mice, as well as a significant reduction in mortality, which is accompanied by a reduced amount of virus in the blood, spleen and brain of infected mice [58]. It is not clear if the TF protein itself plays a role in the virus replication, or if it regulates levels of envelope protein-1 (E1), nevertheless -1 PRF seems to be an important aspect of VEEV pathogenicity especially in the wild-type strains of VEEV.



Among alphaviruses, VEEV has very efficient virion formation. Virion assembly is an important step in virus replication and depends on multiple factors including efficacy of virus replication complex, assembly and release [59]. VEEV nsp1-3 are important for packaging viral RNA into a nucleocapsid complex, therefore, have important roles in virus replication. Using an array of defective helper RNA systems, Volkova et al. demonstrated that the presence of nsp1-3 in cis formation increases the efficiency of replication of VEEV RNA when nsp4, which encodes for viral RNA dependent RNA polymerase (RdRp), is provided in trans [60]. The Nsp1 gene of VEEV contains a 51-nt conserved sequence element (CSE) that is essential for virus replication. Mutation or deletion of CSE results in loss of infectivity of VEEV, probably due to inefficient recognition of the viral RNA core promoter element by the virus replication complex. However, an adaptive mutation in the nsp2 gene sequence, and to some extent in nsp3, can overcome deleterious mutations in the 5’ untranslated region (UTR) and 51-nt CSE of nsp1 [61,62]. Nsp1 functions as a methyltransferase and guanylylation enzyme, two properties needed for the 5’ capping of VEEV genomic RNA [63].



The nsp2 protein of alphaviruses has multiple important functions. Nsp2 has protease activity that processes the nsp1234 and nsp123 polyproteins into individual nsp1, nsp2, nsp3 and nsp4 proteins [64,65]. Nsp2 has methyltransferase activity and is responsible for regulation of the minus strand synthesis [66]. During VEEV infection, nsp2 shuttles between the cytoplasmic and nuclear compartments of the infected cells. While the exact function of this process is not known, it is suggested to either aid in virus replication by recruiting essential host factors needed for viral replication, or inhibit transcription of host antiviral response genes, thus helping in evasion of the cellular antiviral response [67]. Additionally, nsp2 is involved in the maturation of VEEV-virions by regulating packaging of the viral genomic RNA into virion particles [68].



The nsp3 gene of VEEV contains a hyper variable domain (HVD), which is unique to VEEV and shows little homology with other alphaviruses. The C-terminus domain of the HVD is essential for VEEV replication [69]. The HVD shows selective influence on VEEV’s capability to replicate in cells, such that in highly permissible vertebrate cell lines, the presence of HVD is insignificant and can be deleted without deleterious effect on virus replication. In mosquito cells however, modification of the HVD negatively affects virus replication. Although such deleterious modifications in the HVD have been shown to overcome by adaptive mutations elsewhere in the gene, resulting in competent virus replication. Additionally, HVD determines interaction of nsp3 protein with cellular proteins during formation of the cytoplasmic complexes that are needed for virus replication [70].



Not much has been specifically studied about VEEV nsp4. Analogous studies in SINV and Semliki forest virus (SFV) show that nsp4 is an RdRp responsible for the synthesis of plus and minus strands of viral RNA. Nsp4 has terminal adenyltransferase activity adding a polyA tail to the viral RNA genome. Nsp4 may also have an auto proteinase activity responsible for cleaving nsp3-nsp4 polyprotein into individual proteins [71,72,73,74].




4. Role of Cellular Factors in VEEV Replication


Viruses need host cellular proteins/factors for successful infection and replication. This is more evident for RNA viruses that are entirely dependent on host cellular translation machinery for replication. Interaction of viral proteins or genome with cellular factors determines almost every step of the virus infection and replication cycle, starting from the attachment of the virus to cellular surface, to the release of mature virions from infected cells. VEEV uses laminin binding protein as the putative receptor for infecting both mosquito and mammalian cells [75,76]. VEEV entry is pH dependent, using clathrin-mediated endocytosis, and requiring early and late endosome formation for its entry into the host cell. In addition, VEEV entry is cholesterol-independent and viral RNA is released into the cytoplasm by low cholesterol containing late endosomes [77]. Binding to heparin sulfate (HS) has been described for adaptation of VEEV in tissue culture. Tissue culture-adapted low-virulence strains of VEEV show a high affinity for binding with HS, a property that presumably aids in rapid clearance of tissue culture-adapted strains from the host [78]. High affinity binding of tissue culture-adapted VEEV with HS is common. Similar observations have been made in other alphaviruses where repeated passages and adaptation to tissue culture results in positive charge substitution mutations in E2 glycoprotein of the virus resulting in increased binding with HS during infection [79]. However, not all alphaviruses show attenuation associated with increased HS interaction. Virulence of naturally occurring Eastern equine encephalitis virus (EEEV) is dependent on binding with HS, and infectivity of SINV in mosquitoes and mice is dependent on the HS binding affinity of viral glycoproteins [80,81,82]. Nevertheless, the increased binding capacity of viral glycoproteins to HS is always observed during the adaptation of alphaviruses to tissue culture. Other cellular factors influence VEEV infection as well. Nuclear factor kappa B (NfkB) activation has been shown in response to VEEV infection [37]. Activation of NfkB is regulated by IkB kinase (IKK) [83]. A study by Amaya et al. showed that a component of the IKK complex, called IKK-β, involved in the phosphorylation of the p65 subunit of the NfkB transcription complex, interacted with the nsp3 protein of VEEV during infection. Treatment of glioblastoma and neuronal cells with IKK-β inhibitors inhibited replication of TC-83 and TrD strains of VEEV. Replication of TC-83 strain of VEEV in C3H/HeN mice was also reduced by IKK-β inhibitor resulting in increased survival after infection [84]. Fragile X mental retardation (FMR) and fragile X-related (FXR) proteins are RNA binding proteins that participate in formation of ribonucleoprotein complex (RNP) [85]. Members of Fragile X syndrome family proteins (FXR1, FXR2, and FMR1) co-localize with VEEV nsp3 complexes in infected cells, and this function is redundant between the FXR family proteins. FXRs help in the assembly of virus replication complex (VRC) by binding with the viral RNA. This function was found to be dependent on two short repeat sequences in the C-terminus of VEEV nsp3 gene [86]. Host cellular DEAD-box RNA helicase (DDX) -1 and -3 have also been implicated in VEEV replication. DDX-1 and -3 immunoprecipitated with the TC-83 nsp3 protein, and depletion of DDX-1 and -3 using short interfering RNA (siRNA) reduced TC-83 replication. A similar experiment with TrD strain of VEEV also showed reduction in virus replication, albeit reduction in TrD replication due to DDX-3 depletion was not as strong as observed for TC-83. Effect of double depletion of DDX-1 and -3 against TC-83 replication was likewise more significant than that observed for TrD strain of VEEV. Co-precipitation experiments elucidated the presence of nsp3 of TC-83 in complex with host translation machinery, including DDX-3, suggesting association of nsp3-DDX-3 with host translation machinery for the translation of viral proteins [87]. A host protein, poly (ADP-ribose) polymerase (PARP) 12 (PARP-12) has been shown to negatively regulate VEEV replication. Expression of PARP-12 and bone marrow stromal antigen 2 (Bst2, also known as tetherin) genes was found to be elevated in cells infected with a clone of TC-83 that replicates without causing cytopathic effects. When PARP12 was expressed either as a cloned gene within TC-83 genome or via a separate expression plasmid, replication of the virus was significantly reduced. Other members of PARP family viz., PARP-7 and 10, also showed similar anti-VEEV activity. This antiviral effect of PARP was suggested to be due to suppression of cellular translation via complex formation with polysomes and RNA molecules [88,89]. However, in these studies the antiviral effect of PARP overexpression on wild-type VEEV was not shown, and it remains to be seen if PARP overexpression may reduce the replication efficiency of the wild-type VEEV. IFN-induced transmembrane 3 (Ifitm3) gene is an ISG, which is expressed in the brains of mice infected with V3000 strain of VEEV [16]. Replication of the TC-83 strain of VEEV is enhanced in ifitm3-del or ifitm3-/- mouse embryonic fibroblast cells treated with IFNβ compared to wild-type fibroblast cells. The moderately pathogenic mutant of TC-83 strain of VEEV (VEEV-TC-83-A3G) caused higher morbidity and mortality in ifitm3-/- mice compared to the wild-type mice. Increased morbidity and mortality were associated with high titers of VEEV-TC-83-A3G in various organs of the ifitm3-/- mice [90]. In a comparative study of neurovirulent vs. partially neurovirulent strains of VEEV, ifitm3 expression was observed only in the brains of mice infected with the neurovirulent V3000 strain of VEEV [16]. It is possible that the partially neurovirulent VEEV strain did not replicate to high enough titers in these brains to stimulate measurable levels of ifitm3. An interesting observation was reported in a VEEV pathogenesis study in macaques that higher levels of testosterone prior to VEEV infection correlated with higher levels of viremia following exposure to aerosolized wild-type TrD strain of VEEV. In addition, the authors noted that the levels of testosterone fell following exposure to the virus [91]. The authors suggested that high levels of testosterone in males may induce a transiently increased susceptibility to VEEV infection; however, detailed studies are needed to make such conclusions. Collectively, these studies show an interplay of VEEV proteins, especially nsp3, with various host proteins that positively affect the virus replication. Although inhibition of such interactions reduces virus replication (attenuated and/or wild-type), a total loss of infectivity has not been observed, and in many instances a considerable viral titer is still produced in cell supernatants. This suggests that there are multiple redundant replication mechanisms that allow for the virus replication to occur in the absence of a preferred mode of replication. The cellular proteins such as DDX1/3, FXRs, and IKK-β, therefore provide viable targets for developing host-specific anti-VEEV therapeutic drugs which can aid in recovering from VEEV infection by slowing down or reducing virus replication in the event of an outbreak or deliberate dispersion of VEEV.




5. CNS Infection of VEEV and the BBB


Entry of VEEV into the CNS has been studied in detail using neurovirulent TrD strain (subtype I A/B). VEEV primarily uses the olfactory system to enter the CNS irrespective of the route of infection. It is believed that the fenestrated epithelial lining of the blood vessels at this site provides access for VEEV to infect the neurons of the olfactory neuroepithelium [12,92]. In the later stages of infection, or in the absence of olfactory neurons, VEEV uses the trigeminal nerve to enter CNS [12]. Both these routes are not unique to VEEV as several other viruses such as influenza, herpes, polio, vesicular stomatitis, rabies, and Japanese encephalitis viruses use olfactory neurons or the trigeminal nerve to enter CNS [93,94,95,96,97,98]. VEEV entry into the brain via BBB is debated. An early study by Gorelkin using electron microscopy showed that the wild-type neurovirulent TrD strain of VEEV infected the endothelial cells of the BBB. The appearance of VEEV in endothelial cells was concomitant with the appearance of perivascular cuffing and edema, suggestive of early BBB alteration [99]. Ryzhikov’s group later proposed that an extremely low-level penetration of VEEV thorough BBB occurred after aerosol exposure with the TrD strain of VEEV [92]. Experiments with replication-deficient VEEV replicon particles showed that VEEV infection-induced breakdown of the BBB could result in the invasion of the brain by virus particles that are circulating in the blood [100]. Other studies, however, downplayed the role of the BBB as a route of VEEV entry into the brain due to the lack of localization of viral antigen in the endothelial cells of the BBB [30,101]. Nevertheless, the BBB plays an essential role in VEEV-induced inflammation and immune response in the brain. In mice infected with the neurovirulent V3000 strain of VEEV, breakdown of the BBB is evident at later stages of infection when the VEEV antigen is localized around inflamed microvessels. The endothelium of the inflamed microvasculature expresses pathogen recognition receptors, chemokines and cellular adhesion molecules that probably aide in the infiltration of peripheral immune cells into the brain parenchyma [37,38,102]. Intracellular adhesion molecule -1 (ICAM-1) knockout mice, which anatomically have a less leaky BBB, exhibit reduced severity of the symptoms and mortality after V3000 infection and demonstrate marked reduction in inflammation of the brain microvasculature [38]. Experiments with VEEV replicon particles (VRPs) where structural genes of V3000 in viral genome were replaced with green fluorescence protein and the resulting RNA was packed in a V3000 envelop, showed that infection of olfactory epithelium was enough to open the BBB. Expression of ICAM-1 and MMP-9, were elevated in the olfactory bulb, cortex, and cerebellum after primary VRP inoculation in the olfactory tract of mice. Secondary VRPs, injected intravenously at a time-point matched with the opening of the BBB by intranasally inoculated primary VRPs, then are able to enter the brain through the opened BBB [100]. VRPs are designed to infect, but not produce live virus particles. Opening of the BBB after infection of the olfactory neurons with VRPs suggests that initial infection itself is sufficient to induce molecular changes in the brain olfactory area that result in alteration of BBB, even though there is no cell-to-cell transmission of the VRP genome. Mice treated with MMP-9 inhibitor show decreased leakage of the BBB coinciding with a significant increase in the mean survival time and reduced mortality post VEEV infection [100].



Secondary invasion of the CNS thus may occur as a combination of virus from low-level infected BBB endothelial cells, peripheral immune cells infected with VEEV, or the free virus circulating in the blood (Figure 5). This secondary invasion is clearly dependent on the primary invasion of the CNS by VEEV via the olfactory tract which contributes to the alterations in the BBB permeability [103]. Mice treated with tunicamycin (TM), a drug that is known to cause BBB damage, exhibited a higher load of VEEV in the brain accompanied by enhanced neuronal death, apoptosis, and inflammation. Tunicamycin treatment increased the titer of virulent V3000 strain of VEEV in the brain of mice, without effecting the serum virus titer. Increased brain titers were associated with manifestation of enhanced encephalitis and faster mortality compared to mice infected with V3000 in absence of TM. Tunicamycin treatment significantly increased the neuroinvasion of V3034, an attenuated VEEV strain, from 11% in untreated mice to 100% in TM-treated mice. In addition, V3034 appeared earlier in the brain tissue of TM-treated mice compared to the untreated mice. Direct inoculation of VEEV in the brain of TM-treated animals did not significantly affect the virus titer levels in the brain compared to intracranial inoculation of VEEV in untreated mice. Since TM alters the BBB barrier, a plausible explanation is that in addition to the entry of VEEV through olfactory tract, the virus also enters the brain through TM-induced damaged BBB, thereby, increasing the viral load and encephalitis in these mice [104]. Interestingly, cadmium (Cd), a heavy metal, has also been shown to increase the titer of V3000 in mouse brains. Although the mechanism of action of Cd increasing brain VEEV titers was not investigated in detail, Cd is known to alter the BBB. It is possible that similar to TM, opening of the BBB by Cd could have increased the viral load in the brain [105,106]. Secondary invasion of the brain by VEEV via the BBB, therefore, is an important aspect of pathogenesis that increases the viral and inflammatory load in the brain and contributes to an adverse outcome of VEEV infection. In the brain, neurons are the primary targets of VEEV. Infection of glia and oligodendrocytes by VEEV appears to follow the neuronal infection [99,107,108]. Viral infection-induced neuronal death is largely via an apoptotic mechanism [107]. Neuronal death may also occur independent of viral infection due to inflammatory cytokine induced cytotoxicity [14,107].




6. Inflammation in VEEV Infection


Inflammation is an important aspect of VEEV pathogenesis. In peripheral organs, cellular degeneration is observed during peak viral replication, and tissue recovery is observed with clearing of the virus. For example, in the spleen germinal center activation with mild to extensive necrosis is observed, followed by recovery and restoration of germinal centers [11,16]. In the brain inflammation contributes significantly to the CNS pathology following VEEV infection, and pathological findings include extensive endothelial cuffing, mononuclear cell infiltration, astrogliosis, edema, vacuolation of neuropil, and neuronal karyorrhexis [14,38]. Treatment with anti-inflammatory drugs reduces the initial severity of the symptoms, but it does not protect mice from VEEV-induced mortality, presumably due to direct infection and killing of neuronal cells [38].



Encephalitis in VEEV is associated with the up-regulation of multiple inflammatory mediators such as toll-like receptor signaling, cytokine-inducible nitric oxide synthase (iNOS), tumor necrosis factors alpha (TNF-α), transforming growth factor-beta (TGF-β), interleukins and chemokines [14,37,38,40,109]. Primary astrocytes are sensitive to VEEV infection and release proinflammatory cytokines, TNF-α, and iNOS, in response to virulent V3000 and attenuated V3010 strains of VEEV. VEEV also affects mitochondrial function in addition to the inflammatory response in the brain. Human astrocytoma cells, U87MG, infected with the TC-83 strain of VEEV exhibit decreased mitochondrial membrane potentials and a subsequent increase in the intracellular concentration of reactive oxygen species (ROS). The expression of apoptotic genes and mytophagy was also increased in U87MG cells. In contrast, TC-83 infection of mosquito C6/36cells did not affect the mitochondrial membrane potentials and intracellular ROS levels, although these cells supported TC-83 replication. The study however, is limited by the use of a cancerous cell line that can significantly differ from the primary astrocytes in terms of replication and differential response to VEEV infection [108,110]. Schoneboom and colleagues have shown that very few primary astrocytes undergo apoptosis, and VEEV-induced astrogliosis and inflammation is highly dependent on the virulence of the infecting strain of VEEV. The virulent V3000 strain of VEEV induces a significantly higher inflammatory response and neuronal death compared to the less virulent attenuated strains of VEEV [14]. Cellular adhesion molecules such as ICAM-1 and integrins, and extracellular matrix proteases such as matrix metalloproteases (MMPs), which mediate transvascular migration of lymphocytes into the brain parenchyma, also show increased expression in the brain of VEEV-infected mice [38,111,112,113]. MMPs, in addition to their BBB modulating function, can regulate inflammation either by assisting in the migration of inflammatory cells through the BBB or by direct modification of chemokines and cytokines [114]. Expression of MMPs such as MMP-3, 8, 14, 15 and 16, in addition to chemokines and cytokines such as macrophage chemotactic protein -1 (MCP-1), chemokine (C-X-C motif) ligand (CxCl)-11, TGF-β and interleukin-1 beta (IL-1β), were up-regulated in the brains of VEEV-infected mice. MMP-3 can regulate inflammation by direct cleavage of MCP-1, CxCl-11, and IL-1β [37,38,81,115]. MMPs cleave CxCl-11 to produce a neurotoxin and can activate native forms of TNFα and IL-1β into the active forms [116,117,118]. In contrast, MMP mediated cleavage of MCP-1, TGF-β and IL-1β can result in the inactive forms of these chemokines, suppressing the chemotactic signal for leucocytes and associated inflammation [115,118,119]. Therefore, in addition to the modulation of BBB, MMPs may play a regulatory role in balancing inflammatory responses in VEEV-induced encephalitis. Studies in various knockout mice have highlighted the adverse role of the inflammatory response in VEEV infection. Mice that lack a functional ICAM-1 have a less leaky BBB and exhibit marked reduction in encephalitis following infection with V3000. Low grade encephalitis in ICAM-1 -/- mice is associated with down-regulation of proinflammatory cytokines and differential regulation of anti-inflammatory genes in the brain tissue compared to infection in the wild-type mice. Hind limb paralysis, a characteristic symptom of VEEV infection, was absent in ICAM-1 -/- mice, and 20% survival was observed as compared to the complete mortality in wild-type mice [38]. The role of immune cell-mediated neuroinflammation in VEEV infection is evident in VEEV-infected severe combined immune deficient (SCID) mice. SCID mice have severe combined immunodeficiency spontaneous mutation PRKDscid and lack functional B, T, and NK-cells. Instead of encephalitis, VEEV infection in SCID mice causes spongiosis and leptomeningitis associated with a longer than average survival time and lack of hind limb paralysis [120]. Average survival time after infection with V3000 is also increased in iNOS and TNF receptor knockout mice [14]. Inflammation, therefore, plays a paradoxical role in VEEV infection, either too little or too much of which results in adverse outcomes of the disease. A balanced inflammatory response that can carry out the antiviral response but does not cause autoimmune brain tissue damage will need to be achieved for successful treatment of virulent VEEV infection.




7. Vaccines


There is currently no US Food and Drug Administration (FDA)-approved licensed vaccine against VEEV. Several candidate vaccines against VEEV are at various stages of development. These vaccines can be categorized as live-attenuated virus, inactivated virus, recombinant subunit or chimeric virus, virus-like particles, or as passive immunization.



7.1. Live-Attenuated Vaccine Candidates


Live-attenuated vaccines are VEEV strains that have been mutated either by sequential passage in cell culture, or by inducing a mutation in the viral genome. The first live-attenuated strain of VEEV that was used for vaccination in humans was TC-83, which was generated by 83 passages of the TrD strain of VEEV in guinea-pig heart cells [121]. TC-83 differs from the parent TrD strain by 11 point mutations resulting in one less nucleotide (11,443nt vs 11,444nt TrD). Attenuation of TC-83 is attributed to two of these mutations, namely, G to A mutation at nucleotide position number 3 in the 5’-noncoding region, and C to G mutation at nucleotide position 8,922 in E2 gene resulting in Thr to Arg mutation at amino acid position 120 in E2 glycoprotein [21,122]. The TC-83 strain of VEEV is an investigational new drug (IND), No. 142, of the FDA, and is used to vaccinate personnel “at risk” of exposure to VEEV [123]. Live TC-83 is used as a vaccine for immunizing equines in Mexico and Columbia, but is not available in the USA [124]. Currently a multi-center, open label, phase-2 clinical trial is in progress which aims to evaluate the safety and immunogenicity of TC-83 in healthy adults (http://clinicaltrials.gov/ct2/show/study/NCT00582504). TC-83 has several disadvantages that makes it highly unlikely to be approved for mass immunization in humans. TC-83 is reactogenic, and 23-37% of vaccinees report self-contained flu-like symptoms including malaise, headache, fever, chills, nausea, diarrhea, rash, and myalgia [123,125]. TC-83 has a significant environmental risk of dissemination into the wild after immunization, as it was isolated from mosquitoes after the equine immunization drive in the southern states of the USA [126]. TC-83 has a poor responder rate which is suggested to be dependent on the HLA type of the host. Among responders, the antibody titer declines in the first year after immunization requiring booster immunizations for maintenance of protective antibody titer. There is also a potential for reversion to the virulent type [123,127].



Several mutant strains of VEEV have been generated by site directed mutagenesis, which shows differential replication and/or tissue tropism in mice compared to the parent full-length V3000 clone [15,18,19]. One of these live-attenuated strains of VEEV, V3526, was tested as a potential vaccine in clinical trials. V3526 was developed based on the sequence of clonal isolates (J9-1a and J9-1b) of the mutant strain V3022. V3526 was generated by a site directed mutagenesis deleting furin-like cleavage site in E2 precursor (PE2) protein of V3022. The furin cleavage site is needed for final maturation and integration of the E2 glycoprotein in virions. Deletion of this site is lethal for VEEV; however, a second mutation on E1 253 replacing Phe with Ser rescued the virus, resulting in a clone that contains PE2 and E1 in the mature VEEV particle [23,128]. V3526 showed slow replication kinetics in vertebrate as well as non-vertebrate mosquito cells, and was found to be highly attenuated in mice [23]. V3526 demonstrated an excellent safety profile in animal models and provided immunity against both homo- and heterologous VEEV subtypes. In addition, it has minimal environmental hazard due to its reduced transmission potential by mosquitoes compared to TC-83 [128,129,130,131]. However, in phase I clinical trials, V3526 showed adverse reactions including myalgia, lymphopenia, pyrexia, and tachycardia in the vaccinees. Nasal and throat cultures were positive for V3526 and coincided with febrile reactions. Further development of V3526 as a live vaccine candidate was subsequently stopped (http://clinicaltrials.gov/show/NCT00109304) [132]. This observation may have resulted from several reasons: during initial development of the V3526 strain, fast growing large plaque variants were observed which could be an indication that there was a tendency to either revert or mutate into potentially more virulent strains. Additionally, the intracranial inoculation of mice with V3526 showed morbidity and mortality suggesting associated virulence with the strain [23,133]. Since humans are one of the natural hosts of VEEV, the residual virulence of V3526 may have exhibited enhanced levels of adverse events in vaccinees. Nevertheless, V3526 provides a platform that could be used for developing a VEEV vaccine that can provide excellent immunogenicity and heterologous protection against other serotypes of VEEV.




7.2. Inactivated Vaccine Candidates


Formalin inactivated TrD strain of VEEV was one of the first inactivated VEEV vaccines to be developed [134]. It was widely used to immunize equines in endemic areas, but residual virulence due to escaped live virus particles presented a significant risk. Indeed, incompletely inactivated vaccines were suspected to be the source of outbreaks of VEEV before 1970 in South, Central, and North America [135,136]. Formalin inactivated TC-83, called C-84, is currently used as an IND for immunizing non-responders to the live TC-83 vaccine and in vaccinees whose antibody titer falls below 1:20 following primary immunization with live TC-83 [123,137]. Formalin inactivated TC-83 is available in combination with eastern and western equine encephalitis virus for immunization of horses in the USA [http://www.merck-animal-health-usa.com]. Formalin inactivated V3526 has also shown protection against an infectious VEEV challenge, but has not formally been included in immunization regimens for equines [138,139].



Another approach for chemical inactivation of VEEV was by 1, 5 Iodonaphthyl azide (INA). INA is a hydrophobic photoactive compound that in association with short exposure to long wavelength ultraviolet (UV) rays demonstrated complete inactivation of V3000, a full-length infectious clone of the wild-type TrD strain of VEEV. INA-inactivated V3000 protected mice from a footpad challenge with infectious V3000 [133,140]. INA is proposed to inactivate by targeting the functionality of the viral envelop proteins; however, treatment of VEEV with INA in the presence of UV rays also abolished the infectivity of the positive-sense RNA genome of VEEV. Experiments using encephalomyocarditis virus (EMCV), a positive-sense RNA virus, suggested that INA may inactivate the viral RNA genome by direct binding [133,141]. INA-inactivation of V3526 was also carried out and intramuscular immunization of mice with INA-inactivated V3526 conferred complete protection against an aerosol challenge with TrD [142].



Inactivation by ionizing gamma radiation has also been used to generate an inactivated VEEV vaccine. For complete inactivation, V3526 was irradiated with a 50kGy dose of gamma radiation (50kGy) resulting in 30–50% loss in epitope integrity. Although gamma-irradiated V3526 completely protected mice against a subcutaneous challenge, protection against an aerosol challenge with virulent TrD was poor, and only 40% survival was observed after the challenge [139,143]. In a separate study, a novel manganese-decapeptide-inorganic phosphate (MDP) complex derived from radiation-resistant bacteria Deinococcus radiadurans, could significantly protect epitopes of V3526 from degradation during inactivation with high doses of gamma radiation. Unlike the study by Fine and group [139], a complete inactivation, was observed at 20kGy or higher doses of gamma radiation. While VEEV epitopes were protected by the MDP complex, the viral genome was completely degraded by the high dose gamma radiation. Immunization with V3526 inactivated by gamma radiation in the presence of MDP complex protected 90% of the mice from an aerosol challenge with TrD [144,145]. Doses used for immunization in these studies varied from 0.2 µg to 5 µg, increasing the protective effect from 40% to 90%, respectively. A detailed dose-sparing study will be needed to identify the optimal immunization dose of gamma radiation inactivated V3526 that can provide complete protection against wild-type VEEV. This approach brings new enthusiasm in efforts to develop a safe inactivated VEEV vaccine, as chemical inactivation of VEEV has been plagued with problems of escape live virus particles and poor immunogenicity. Gamma radiation is regularly used in sterilization of laboratory and biological material. High doses of gamma radiation can ensure a reliable, complete, and homogenous inactivation of large batches of virus particles. Therefore, this approach may fare better for FDA approval than other approaches that are currently being tested as VEEV vaccine candidates.




7.3. Chimeric Vaccine Candidates


Chimera is defined by the United States Department of Agriculture as “a new hybrid microorganism created by joining nucleic acid fragments from two or more different microorganisms in which each of at least two of the fragments contain essential genes necessary for replication” [146]. VEEV chimeras have been developed to reduce the infectivity of the parent strains for use as vaccines. TC-83 is the lone IND vaccine for VEEV with demonstrable residual virulence. To overcome the residual virulence, structural genes of TC-83 were placed under the regulation of an internal ribosome entry site (IRES) of EMCV. The EMCV-IRES sequence was cloned in the subgenomic (SG) RNA, replacing the 5’UTR of the SG RNA of TC-83. The resulting TC-83 chimera (VEEV/mutSG/IRES) evolved into a large plaque variant in serial passages, which contains an A to G mutation at nt2758 changing Tyr to Cys at codon 370 (VEEV/mutSG/IRES/1). VEEV/mutSG/IRES/1 failed to replicate in live mosquitoes and mosquito cell cultures, and replicated less efficiently in vertebrate cells, and caused reduced mortality in neonatal mice compared to the parent TC-83 strain. Immunization with VEEV/mutSG/IRES/1 provided 80% protection against virulent VEEV subtype IC strain 3908 [147]. In another study, Guerbois and colleagues reinstated the functional SG promoter of TC-83 and placed the capsid gene alone under EMCV-IRES regulation cloning it downstream of the E1 gene. The resulting virus (VEEV/IRES/C) showed better replication potential than VEEV/mutSG/IRES, but was still attenuated compared to parent TC-83 strain. VEEV/IRES/C provided better protection than VEEV/mutSG/IRES against lethal VEEV challenge with 3098 strain of VEEV subtype IC in both infant and adult CD-1 mice [148]. Rossi and colleagues used a similar approach of EMCV-IRES insertion to mutate VEEV subtype IE strain 68U201 in the two sequences described above i.e., 68U201 virus structural protein under EMCV-IRES control (68U201/IRESv1), and capsid alone under EMCV-IRES control (68U201/IRESv2). The 68U2001/IRES showed lack of replication in mosquito cells, while inducing a lower viremia and complete protection in mice against a lethal challenge with wild-type 68U201. 68U201/IRESv1 also protected macaques against aerosol exposure with live 68U201 [149].



The VEEV capsid protein has a nuclear localization sequence that it uses to interact with the host cell nuclear import (importin-α/β) and export (exportin-1) proteins. Mutations in the NLS sequence of the capsid disrupt its interaction with the host cell nuclear import and export proteins. Combining these two approaches, Atasheva and colleagues generated a mutant TC-83 where the capsid nuclear localization sequence was mutated and the capsid gene under EMCV-IRES regulation was cloned downstream of E1 gene (VEEV/IRES-Cm). VEEV/IRES-Cm chimera, as with other VEEV/EMCV-IRES chimeras, was attenuated compared to the parent TC-83 virus and protected mice against lethal challenge with 3908 strain of VEEV [150]. VEEV chimera based on a SINV backbone has also been explored as an attenuated vaccine candidate. The SINV-VEEV chimera was constructed by replacing SINV structural genes with TC-83 genes with final chimera (SIN-83) consisting of 5’UTR, nsp1-4 and 3’UTR of SINV, and structural proteins of TC-83. One passage of SIN-83 in mammalian cells resulted in a point mutation changing Ser to Thr at codon 795 in nsp2 making the chimera virus stable. Stable SIN-83 chimera induced neutralizing antibody response in infant mice and protected against challenge with wild-type VEEV subtype ID and IC [151]. Similar chimeras were constructed using the structural genes of TrD (SIN/TrD), or VEEV subtype ID strain ZPC738 (SIN/ZPC). The resulting SINV/VEEV chimeric viruses were attenuated and protected mice and hamsters from an infectious challenge with ZPC738. Protection conferred by SINV/TC-83 was found to be inferior to the protection conferred by the SINV/TrD or SINV/ZPC chimera, suggesting inferiority of TC-83 immunogenicity as compared to the infectious parent strains of VEEV. However, wild-type virus was able to invade the CNS of vaccinated mice when the challenge was performed via intranasal route, irrespective of the vaccine chimera expressing wild-type or attenuated VEEV structural genes, suggesting suboptimal mucosal immunity induced by SINV/VEEV chimera [151,152].



Chimera expressing TC-83 structural genes using Eilat virus (EILV) has been described. Eliat virus is an alphavirus that replicates in insect cells; however, its replication is restricted in mammalian cells [153]. Structural genes of EILV (C-E3-E2-6k-E1) were replaced with those of the TC-83 strain. The resulting EILV/TC83 chimera retained its restriction in the insect cells replication profile and did not show virulence in neonatal mice. Immunization of mice with ELIV/TC83 provided protection against a virulent VEEV strain 3908 (subtype IC) challenge. Seroconversion rates and neutralizing antibody titers were better than the parent TC-83 strain, but both viruses showed complete protection against wild-type VEEV challenge. Immunization with a trivalent vaccine containing EILV chimera for EEEV and chikungunya virus in addition to TC-83 did not show complete protection (90% animals survived) against challenge with wild-type VEEV [154]. Restricted replication of EILV chimeras is a major advantage eliminating possibilities of virus replication-induced adverse events in vaccinees. The environmental hazard of EILV/TC83 vaccine is expected to be minimal as the chimera is not expected to replicate in vertebrate hosts. Although the presence of the chimera virus in the serum of vaccinated mice needs to be ruled out to support this assumption. EILV/TC83 provided protection against wild-type VEEV as early as 1 day post immunization, which is similar to the protection observed after inoculation with live-attenuated V3032 strain of VEEV. This nonspecific protection is presumably mediated by innate immune response especially IFN-α/β [154,155].



Another chimeric vaccine candidate was generated by cloning TC-83 strain structural gene sequence E3-E1 in the equine herpes virus type 1 (EHV-1) vector under human cytomegalovirus promoter regulation. EHV-1, an alphaherpesvirus, is a common pathogen of equines that infects a variety of cells including those of human origin. Therefore EHV-1 is an efficient vector backbone for developing chimeric viruses. Furthermore, human serum with antibodies to other alphaviruses does not neutralize EHV-1, reducing the chance of neutralization of chimera by preexisting alphaherpesvirus antibodies in humans. EHV-1/VEEV chimera (rH_VEEV) completely protected mice from a challenge with a high dose of infectious VEEV; however, no neutralizing antibodies against VEEV were detected in the serum of vaccinated mice even though these immunized mice seroconverted to express anti-VEEV IgG and IgG1 [156]. Modified vaccinia virus Ankara (MVA) expressing the structural proteins (E3-E2-6k-E1) of the TrD strain of VEEV has also been tested as a vaccine candidate. The VEEV envelop proteins were cloned in MVA-Bavarian Nordic (MVA-BN) vector under the control of a synthetic PrHyb promoter [157]. MVA-BN vector is replication-deficient due to blockage of the virus assembly and therefore allows the synthesis of the cloned viral proteins while no progeny viruses are produced [158]. Single dose of MVA-BN-VEEV chimera did not seroconvert mice. However, neutralizing antibody titers were observed two weeks after the booster dose and all animals survived the challenge with virulent TrD. MVA-BN-VEEV chimera administered either as a mixture with two other MVA-BN chimera expressing western equine encephalitis virus (WEEV) and EEEV structural proteins, or as a single chimera expressing structural proteins of all the three alphaviruses, did not induce a neutralizing antibody response to VEEV. However, significant protection was observed against challenge with TrD [157]. Neutralizing antibodies have long been considered the gold standard for testing the protective efficacy of vaccines against VEEV; however, low titers of neutralizing antibodies not correlating with the extent of protection by a vaccine candidate have been reported with inactivated VEEV vaccine candidates [142,145]. Non-neutralizing antibodies to the amino terminus of E2 glycoproteins or antibodies to E1 glycoproteins of VEEV has also been shown to protect against challenge with the wild-type virus. Additionally, cell-mediated immunity in the form of cytotoxic T-cells can be protective against VEEV [159,160,161]. It is possible that replication of rH_VEEV triggers protective antibodies against non-neutralizing epitopes of VEEV glycoproteins and/or T-cell activation that mediates protection against challenge with virulent ZPC798. A limitation of rh_VEEV chimera is expression of EHV-1 gM protein, which can potentially induce immunity against the vector itself, thereby, limiting its use to only one kind of vaccine. In addition, preexisting alphaherpesvirus immunity in equines may neutralize the chimera and limit the use of rH_VEEV vaccine in equines [162,163].




7.4. Subunit Vaccine Candidate


DNA constructs expressing the structural proteins of VEEV has been used as vaccine candidates. Structural genes (C-E3-E2-6K-E1) of TrD strain of VEEV cloned in mammalian expression vector pWRG7077 and administered via the epidermis using a gene-gun protected mice and macaques against an aerosol challenge with wild-type VEEV. However, a low neutralizing antibody response was observed, and one macaque exhibited viremia post challenge suggesting non-sterile immunity [164,165]. Removal of the capsid from the above structural gene construct cloned in pWRG7077, combined with codon optimization, significantly improved the neutralizing antibody titers even when immunized with lower dose of DNA vaccine. In addition, delivery of the structural gene construct via intramuscular electroporation, protected against an aerosol challenge with infectious VEEV in various animal models [166]. In a phase I clinical trial, DNA vaccine pWRG/VEE, expressing E3-E2-6K-E1 of VEEV, was well tolerated with no adverse events reported in the vaccinees. Intramuscular route of administration showed 100% seroconversion in the recipients, whereas in the intradermal administration group, seroconversion ranged from 62.5–87.5% [167]. Further modification of this DNA vaccine was done to develop a T-cell epitope-based vaccine. Only the sequences of the structural proteins of VEEV that will selectively bind to major histocompatibility complex (MHC) class II molecules during presentation by antigen presenting cells to CD4+ T-cell were included in the antigen design [168]. VEEV envelope protein antigens were expressed along with Ebola virus antigens as a single gene sequence cloned in pWRG7077 expression plasmid. Balb/C and HLA-DR3 (lacking MHC class II molecules) mice immunized intramuscularly with this DNA construct demonstrated dose-dependent cellular immune response; however, neutralizing antibody response and protection provided by this multi-epitope DNA vaccine against TrD in HLD-DR3 mice was modest at best as compared to the immunization with the whole antigen [168]. It is possible that selecting only the HLA binding domain on the virus antigen could have limited the protective epitope population in the vaccine. Additionally, expression of Ebola virus antigens may have interfered with anti-VEEV immune response. DNA plasmids expressing recombinant E2 (containing E2 gene sequences from VEEV IA/B, IE, western and eastern equine encephalitis viruses, and Mucambo virus) and parental (VEEV IA/B) E1 glycoprotein sequences or vice versa induced a cross reactive antibody response to all five viruses after intradermal inoculation. These constructs elicited a strong total anti-VEEV antibody response and protected mice against an aerosol challenge with the infectious TrD strain of VEEV. The expression of recombinant E2 gene compared to the parental E2 glycoprotein gene was found to be high and corresponded with higher total and neutralizing anti-E2 antibodies in immunized animals [169].



To improve the immunogenicity of the VEEV-DNA vaccine, an infectious clone containing full-length sequence of TC-83 under the control of a CMV promoter in pcDNA3.1-derived plasmid vector was developed. This infectious-DNA (iDNA) vaccine initiated the TC-83 virus replication and elicited an anti-VEEV antibody response in mice after intravenous inoculation. However, the vaccinated mice only showed partial protection against a challenge with virulent VEEV, as 50% of the mice exhibited low-level viremia [170]. Although expression of TC-83 via iDNA approach was stable and demonstrated feasibility of this approach, iDNA-TC-83 vaccine may inherit the problems associated with the safety of the live-attenuated TC-83 strain of VEEV i.e., potential to revert to infectious type and environmental hazard of transmission by mosquitoes. The risk of reversion and non-sterile immunity may preclude further development of the iDNA-TC-83 platform as VEEV vaccine candidate. A different approach to vaccine development was taken by Rico et al. by taking E1 glycoproteins as the antigen for vaccine development [160]. E1 glycoprotein of alphaviruses is responsible for the fusion of viral envelop membrane with that of the endolysosomes, and subsequent release of viral RNA into the host cell cytoplasm. Neutralizing antibodies to VEEV are predominantly against E2 glycoprotein as they interfere with the virus attachment to, and uptake by the host cells. In study by Rico et al., purified E1 glycoprotein of TrD strain of VEEV and WEEV were integrated in cationic liposomes to form lipid-antigen-nucleic acid-complexes (LANACs) containing E1 glycoproteins of VEEV and WEEV. In a prime-boost subcutaneous immunization regimen, LANAC vaccine protected mice from lethal VEEV and WEEV challenge providing sterilizing immunity. Passive transfer of serum from LANAC immunized mice into naïve mice also conferred protection against a challenge with lethal infection of VEEV [160]. LANAC vaccine platform, therefore, provides a powerful tool to develop pan-alphavirus vaccines; however, sterilizing immunity may only be provided against homologues viruses.



The DNA vaccine platform expressing structural genes of VEEV is attractive from the safety standpoint as it completely avoids the potential of reversal of candidate vaccine platforms to the virulent type, a cause of adverse event associated with virus replication. However, low seroconversion rates, requirement of multiple doses, and potential of non-sterile immunity (as observed in the macaque study) are undesirable. Codon optimization addresses the poor immunogenicity issue; however, further dose optimization for immunogenic efficacy is needed.




7.5. Replicon Particles as Vaccine Candidates


VRPs, which can replicate only for one round due to the lack of structural genes in the progeny virus, have been shown to protect against an infectious VEEV challenge when administered as early as 6h before challenge. VRP were generated using V3000 backbone, mature VRP consisted of genome containing V3000 5’UTR, nonstructural gene 1–4, 14 nucleotide downstream of the 26s mRNA transcription start site, and 43 nucleotide multiple cloning site. The VRP envelop consisted of E2 and E1 glycoproteins derived from V3000 [171,172]. Similar observations were made in mice administered with a live-attenuated strain of VEEV, V3032, 24 h prior to the challenge with the infectious VEEV [155]. The mechanism of this nonspecific protection is not fully understood; however, activation of the innate immune response and induction of the antiviral state presumably by the release of endogenous type I IFN, may mediate the protection [155,171]. VRPs stimulate antigen specific mucosal immunity, and therefore have been suggested for use as adjuvants in the vaccines [172,173]. Replication-deficient human adenovirus type 5 vector-based VEEV vaccines (Rad/VEEV) expressing the E2 glycoprotein VEEV subtype I A/B have also been developed. For this, structural genes (E3-E2-6K) sequence of TC-83 was cloned in pMV100 plasmids and site directed mutagenesis was used to revert TC-83 E2 glycoprotein to TrD E2 glycoprotein. This modified VEEV structural gene sequence was then cloned into a pMV60 plasmid creating pMV60/VEEV construct. Replication-deficient human adenovirus type 5 (Ad5) containing VEEV structural proteins (Rad/VEEV) was then generated by using homologous recombination between plasmids pMV60/VEEV and pJM17 (containing entire genome of Ad5) in 293 cells. Intranasal immunization with Rad/VEEV protected mice from low-to-intermediate doses of infectious VEEV, but failed to protect against high doses of infectious VEEV [174]. Use of Rad/VEEV as booster following immunization with DNA vaccine encoding the TC-83 E2 glycoprotein significantly increased the protective efficacy of the DNA or Rad/VEEV vaccine against an aerosol challenge from infectious VEEV [175]. Codon optimization, which improved the efficacy of Rad/VEEV expression in mammalian cells, increased levels of VEEV glycoproteins expression compared to non-optimized Rad/VEEV constructs. Anti-VEEV IgG levels were also increased 10-fold in mice immunized with codon-optimized Rad/VEEV over that of immunization with non-optimized Rad/VEEV constructs, subsequently translating into better protection against a challenge with aerosolized infectious VEEV [176]. VRP containing the furin cleavage site mutated PE2 glycoprotein from V3014 strain of VEEV have also been developed and shown to protect mice and non-human primates against VEEV challenge. Protection was also observed when this replicon particle was used in combination with replicon particles expressing eastern equine encephalitis and western equine encephalitis viruses PE2 gene, suggesting potential of a trivalent vaccine against these three alphaviruses [177]. Replication-deficient VRP are an attractive option for developing VEEV vaccine as they eliminate the adverse events associated with live virus replication and the possibility of reversion to the virulent phenotype. However, generation of VRP vaccines based on a VEEV backbone would require a BSL3 facility which is a major limitation for large scale vaccine development. Use of adenovirus or SINV backbone to generate VRP could circumvent the requirement of BSL3 facility, but the protection provided by these replicon particles have moderate efficacy at best.




7.6. Passive Immunization


Passive immunization with anti-VEEV antibodies protect against an infectious VEEV challenge (Table 2). Monoclonal antibodies (Mab) against the E2 and E3 glycoproteins of VEEV protect mice from challenge with infectious VEEV; however, antibodies against E1 glycoprotein provide only weak protection against the infectious virus challenge [178,179]. O’Brien and colleagues identified a broadly reactive monoclonal antibody, CUF37-2a, from animals that were first immunized with TC-83 followed by exposure to 6 different serotypes of VEEV (subtypes I, II, III, IV, V, and VI). CUF37-2a was found to be specific to E2 glycoprotein of VEEV and identified all the VEEV subtypes, except the subtype VI, with which it showed a weaker reactivity. In addition, the antibody protected mice from subcutaneous exposure to the wild-type TrD strain of VEEV [180]. Some of these neutralizing monoclonal antibodies have been humanized and tested for efficacy in pre-clinical animal models for potential clinical application [181,182,183,184]. The safety of these humanized antibodies, however, is needed to be tested in humans. Neutralizing humanized monoclonal antibodies can fill the gap left by non-availability of licensed VEEV vaccine for emergency usages in an outbreak. Rigorous protective efficacy studies in various animal models of VEEV disease can help in gaining FDA approval for emergency clinical application under medical countermeasure for potential bioterror threat. Passive immunization with engineered mesenchymal stromal cells has been described. Human umbilical cord perivascular cells were engineered to express a humanized anti-VEEV antibody hu1A4A1. 1A4A1 is a monoclonal antibody that binds to the E2 protein of VEEV. Mice that received a single intramuscular shot of these cells produced a protective anti-VEEV antibody titer and about ten percent of these mice showed persistent antibody titer three months after the administration of engineered cells [185]. However, large scale production of the engineered mesenchymal cells expressing anti-VEEV antibody may be limited by the factors such as aging and potential of mesenchymal stem cells to support malignant transformations [186,187].



A small number of studies have demonstrated that in addition to antibodies, T-cells may protect from VEEV infection. B-cell deficient µMT mice infected with V3533, a mutant strain of VEEV, develop a severe form of the disease, but eventually recover from the infection presumable by T-cell-mediated virus control [161]. Mice that are deficient in α/β T-cells do not respond to VEEV vaccines and are susceptible to lethal VEEV infection [191]. However, upon reconstitution with VEEV specific CD3+ and CD4+ T-cells from VEEV-vaccinated wild-type mice, these mice exhibit protection from a lethal VEEV challenge suggesting protective role of T-cells in VEEV infection [191,192,193].





8. Conclusions


In the last 20 years our understanding of VEEV infection, its clinical manifestation, and the underlying mechanisms of viral replication has considerably increased. The focus on VEEV triggered by its potential as a bio-warfare agent has heightened interest in this virus. The RNA genome of VEEV is a positive-sense single-strand assembly of genes necessary for replication and assembly of virions. Viral proteins interact with host proteins to initiate infection, replication, and control of host translation machinery. Efficacy of such an interaction probably determines the virulence of one strain over the other. Studies with various mutant strains highlight the efficacy of the VEEV replication system to undergo adaptive point mutations to overcome deficiencies in replication, and thus evolve into replication efficient phenotypes. Several host factors such as HS, IKK-β, FXRs, DDX-1, and -3 interact with viral proteins and play an important role in VEEV infection and replication. However, there exists a gap in our understanding of host factors that are absolutely required for virus replication and the conditions which drive the adaptive mutations in the virus resulting in stable infectious phenotypes. Evolutionary pressure, such as overall charge on viral proteins or conformational changes that enable better interaction of viral proteins with the host proteins, may be at play in directing the adaptive mutations. A more thorough understanding of such host-virus protein interactions can lead to discovery of novel therapeutic targets which can then lead to anti-VEEV drug development. It is well established that inflammation is an integral part of the anti-VEEV response, and that excessive inflammation in the brain augments disease pathology. While current therapeutic approaches are centered on supportive treatment of disease symptoms, therapies addressing excessive inflammation to control VEEV-induced encephalitis, may prove to be more effective.



Several studies indicate that envelop glycoproteins of the parental wild-type strains of VEEV elicit the most efficient protective immune response against VEEV. Live-attenuated strains derived from the parental strain, chimeric vaccine, or replicons either have residual virulence and/or provide a less than desirable protection against an infectious VEEV challenge. Therefore, an ideal VEEV vaccine candidate will be one that combines the antigenic supremacy of the parental strain envelope glycoproteins, and the safety of a completely inactivated virus. Recent advancement towards achieving these two properties, either by inactivation with gamma radiation in the presence of a protein-protective MDP complex, or chimeric/replicon vaccine candidates with minimal virulence risks, are exciting and provide a promising potential for developing safe and effective VEEV vaccines with FDA approval. Furin cleavage mutant PE2 glycoprotein of VEEV is highly immunogenic and provides heterologous protection against other subtypes of VEEV. Expression of VEEV structural proteins under EMCV-IRES significantly attenuates the virulence of VEEV. A chimera that expresses the VEEV PE2 protein under EMCV-IRES therefore, may have antigenic superiority as well as the required attenuation to induce no adverse event in vaccinees. Live virus vaccines, either attenuated or chimeras, in limited studies have shown to provide protection as early as one day post immunization which can be useful in the event of an outbreak. However, based on the prior experiences with the live-attenuated alphavirus vaccine candidates, it may be difficult to obtain FDA approval for a live-attenuated VEEV vaccine. Developing a multivalent vaccine for prophylaxis against the three alphaviruses i.e., VEEV, EEEV, and WEEV, is most desired; however, antigenic hindrance and poor vaccine candidates for any one of these three viruses can compromise the entire effort. Given the progress made in developing promising VEEV vaccine candidates, a monovalent vaccine against VEEV alone may prove fruitful, especially for use in case VEEV is used as a bio-warfare or bioterror agent.
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Figure 1. Venezuelan equine encephalitis virus (VEEV) transmission. VEEV is transmitted by a variety of mosquitoes. Enzootic strains are maintained in a cycle between small rodents and mosquitoes. Epizootic strains are transmitted by mosquitoes to equines, causing high titer viremia and high mortality. The virus is tangentially transmitted by mosquitoes from equines to humans that work in close contact with equines. 
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Figure 2. Biphasic replication of VEEV in mice. Mice infected via VEEV footpad injection mimics the natural mode of transmission by mosquito bites (1). After initial inoculation, regional dendritic cells take up the virus and transport it to the local draining lymph nodes, where VEEV replicates in lymphocytes (2) and is then released into the circulation resulting in viremia (3). VEEV replicates in various tissues, but lymphoid organs such as the spleen are primary replication sites (4). Around 24–36 h post infection, VEEV escapes into the olfactory tract infecting olfactory nerve endings initiating the first step of CNS phase of infection (5). Virus moves through the axons of the olfactory neurons and enters the olfactory lobe of the brain (large insert). In the brain, VEEV primarily infects the neurons, but glia and oligodendrocytes are also targets of VEEV infection. VEEV induced inflammation causes vascular cuffing and alteration in the BBB allowing mononuclear lymphocytes to enter the brain (6). VEEV mediated alteration of the BBB may allow the virus to enter the brain, but this route of entry is debated. 






Figure 2. Biphasic replication of VEEV in mice. Mice infected via VEEV footpad injection mimics the natural mode of transmission by mosquito bites (1). After initial inoculation, regional dendritic cells take up the virus and transport it to the local draining lymph nodes, where VEEV replicates in lymphocytes (2) and is then released into the circulation resulting in viremia (3). VEEV replicates in various tissues, but lymphoid organs such as the spleen are primary replication sites (4). Around 24–36 h post infection, VEEV escapes into the olfactory tract infecting olfactory nerve endings initiating the first step of CNS phase of infection (5). Virus moves through the axons of the olfactory neurons and enters the olfactory lobe of the brain (large insert). In the brain, VEEV primarily infects the neurons, but glia and oligodendrocytes are also targets of VEEV infection. VEEV induced inflammation causes vascular cuffing and alteration in the BBB allowing mononuclear lymphocytes to enter the brain (6). VEEV mediated alteration of the BBB may allow the virus to enter the brain, but this route of entry is debated.



[image: Viruses 11 00164 g002]







[image: Viruses 11 00164 g003 550]





Figure 3. Organization of VEEV genome. VEEV genome is a single-stranded positive-sense RNA of 11.4kb length. VEEV encodes four nonstructural proteins (nsP1, nsP2, nsP3 and nsP4) and five structural proteins (capsid (C), envelope (E) 3, E2, 6k, and E1). VEEV genome has mRNA characteristics. 5’ untranslated region (UTR) is capped with methyl residue present on the 7-position of capping guanosine nucleotide. A short UTR is present after the nsp4 gene sequence that has a promoter sequence for a 26S subgenomic RNA. There are two open reading frames (ORF) in the genome. The first ORF in the 5’ region translate nonstructural proteins and the second ORF in sub genomic RNA translate structural proteins. 3’ end of the genome has a poly(A) tail. 
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Figure 4. Replication of VEEV in host cell. VEEV enters in the host cells by receptor mediated binding of the virus to the host cell membrane. Virus containing endosomes fuse with lysosomes resulting in formation of endolysosomes. Viral RNA is released in the cytoplasm following pH dependent conformational changes in the viral proteins, allowing fusion with the endolysosome membrane. VEEV is a single-stranded positive-sense RNA virus that replicates in the cytoplasm and does not have a nuclear phase of replication. In the second phase of infection, viral nsp are translated as P123 and P1234 polyproteins from the viral genomic RNA. Autolytic activity of nsp-2 cleaves the viral polyproteins in individual nsp-1, nsp-2, nsp-3, and nsp-4 proteins. Nsp-4 is a viral RdRp, which with methyltransferase activity of nsp-2, drives synthesis of negative-sense viral RNA. Negative-sense viral RNA is transcribed into smaller 26S subgenomic positive-sense RNA and a full-length positive-sense viral RNA. Subgenomic 26S RNA is translated into viral structural proteins namely capsid, a polyprotein of E3 and E2 called PE2, 6k, and E1. PE2 is processed into E3 and E2 proteins by cutting at the furin-cleavage site in PE2. Viral nsp-2 plays a role in capping of viral genomic RNA via its methyltransferase and guanylylation activity. Nsp-4 adds a poly-A tail to the viral genomic RNA via its terminal adenyltransferase activity. Full length positive- sense viral RNA is incorporated into a virus replication complex (VRC). Assembly of VRC is aided by interaction of viral non-structural proteins with host proteins such as nsp-3 with IKK-β and Fragile- X syndrome family proteins. Nsp-3 binds to other unknown host proteins during formation of VRC, the role of which is not yet understood. Nsp-1 conserved sequence element helps in the recognition of the core promoter element of the virus genome by VRC. In addition to direct involvement of viral proteins in replication and assembly, viral non-structural proteins interact with host factors to promote VEEV replication. Capsid proteins bind to components of the nuclear pore complex effectively blocking nuclear-cytoplasm-nuclear traffic and host protein translation. Nsp-2 interacts with karyopherin-alpha 1 for its nuclear localization function, role of which is not clearly understood. Nsp2 plays a role in loading of the viral RNA into nucleocapsid and maturation of virions. In the final step structural proteins E1 and E2 are embedded in the plasma membrane, and assembly and release of the mature virion particle occurs by encapsulating nucleocapsid and budding at plasma membrane [2]. 
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Figure 5. Role of BBB in VEE. Endothelium of the BBB is actively involved in the inflammatory reaction during the CNS phase of VEEV infection. VEEV primarily enters the brain via the olfactory tract replicating first in the olfactory bulb of the brain. Presence of the virus in the brain is detected by the resident glia, the immune cells of the brain. Activation of glial cells release chemokines and cytokines that initiate the first steps of CNS inflammation. The initial inflammatory response probably initiates the alteration in the BBB. Chemokines such as MCP-1 have been shown to be directly involved in opening the BBB. Chemokines and cytokines activate brain microvascular endothelium, resulting in up-regulation of adhesion molecules such as ICAM-1. Ligands of ICAM-1 are expressed on peripheral circulating activated–leucocytes, which may or may not be infected with VEEV. Binding of circulating leucocytes with the brain microvascular endothelium elicits a cascade of events resulting in the transmigration of these cells across the BBB. In the third phase, inflammation and viral load in the brain is augmented by the transmigrating leucocytes. Infected leucocytes increase the viral load in the brain, which further activates the glia resulting in increased inflammatory reactions in the brain. Microglia are antigen presenting cells and may further contribute to an increase in inflammation by presenting the virus to peripheral leucocytes entering the brain and to the resident astrocytes. These events result in a continuous cycle of release of inflammatory cytokines and chemokines in the brain reaching a point where neurons may undergo inflammatory mediated cytotoxic damage in addition to apoptosis induced by direct virus infection. 
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Table 1. Description of mutations in Venezuelan equine encephalitis virus (VEEV) strains and resulting phenotypic changes.
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	VEEV Strains
	Mutation
	Phenotype
	Reference





	TrD
	Parent strain (E1 clone)
	Virulent wild-type
	Kinney et al. [21]



	V3000
	Full-length clone of TrD

Envelope protein (E) 2 170 silent mutation removing SmaI

E2 239 (Asn to Ile)
	Virulent
	Grieder et al. [15]



	TC-83
	5’ noncoding nt 3 G to A

nsp3 codon 260 (Ser to Thr)

E2 codon 7 (Lys to Asn)

E2 codon 85 (His to Tyr)

E2 codon 120 (Thr to Arg)

E2 codon 192 (Val to Asp)

E2 codon 278 (none)

E2 codon 296 (Thr to Ile)

E1 codon 161 (Leu to Ile)

E1 codon 211 (none)

3’ noncoding nt 11,405 UU to U
	Attenuated

(IND vaccine)
	Kinney et al. [21]



	V3010
	E2 codon 76 (Glu to Lys)
	Attenuated
	Davis et al. [18]



	V3034
	E1 codon 272 (Ala to Thr)
	Attenuated
	Johnston and Smith [22]

Davis et al. [18]

Grieder et al. [15]



	V3032
	E2 codon 209 (Glu to Lys)
	Attenuated
	Johnston and Smith [22]

Davis et al. [18]

Grieder et al. [15]



	V3014
	E2 codon 209 (Glu to Lys)

E1 codon 272 (Ala to Thr)

E2 codon 239 (Ile to Asn)
	Attenuated
	Davis et al. [18]

Grieder et al. [15]



	V3533
	E2 codon 76 (Glu to Lys)

E2 codon 116 (Lys to Glu)
	Attenuated
	Aronson et al. [15]



	V3526
	E3 Δ (56-59) (Furin site cleavage)E1 codon 253 (Phe to Ser)
	Attenuated
	Davis et al. [23]









